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Abstract— A number of glass substrates made from the 

SCHOTT glass AF32_eco in a thickness of 0.1mm are metallized 

with different processes. On the metallized glass substrates, 

microstrip lines as well as ring resonator structures are realized 

which are optimized for frequencies of 24 GHz, 77 GHz and 

100 GHz. A careful analysis of the S-parameters of these 

structures allows to extract the influence of the metallization on 

the attenuation of microstrip lines as well as quality factors of 

the resonating structures. The particular metallization process 

plays a crucial role for the GHz performance and the ‘best-of’ 

metallization performs comparable with corresponding 

structures realized on Rogers RO3003 substrates. 

Keywords: glass substrate, high-Q, glass package, integrated 

passives, 5G, mobile communication 

I. INTRODUCTION  

The demand for applications at higher GHz frequencies is 

strongly increasing. It is driven by the race for bandwidth in 

all types of wireless communication applications which are 

beginning to fill the frequency range above 6 GHz. It is further 

driven by applications like automotive radar around 77 GHz 

or gesture recognition around 60 GHz. Even applications 

above 100 GHz are more and more discussed in literature. 

With increased crowding of applications and usage of such 

frequency bands, the geometric accuracy for all designs and 

high frequency (HF) structures becomes more crucial.  

Glass is a class of materials which is produced with 

extremely high homogeneity. For example, in standard optical 

glass production, glasses with dimensions of order of 30 cm 

are made with refractive index variations which are smaller 

than n/n < 10-5. Since the dielectric constant is the square of 

the refractive index ε = n2, this information is also relevant for 

electronic applications [1]. Glasses are stiff and show 

(practically) no plastic deformation under mechanic load and 

temperature cycling. Glasses have low temperature 

coefficients of all material properties. In particular they have 

a thermal expansion which can be adjusted in the range 

between 0 ppm/K and 12 ppm/K. The higher the frequencies 

requires that more accurate manufacturing be done. This 

means that very homogeneous substrates materials with small 

temperature coefficients and intrinsic stiffness become 

increasingly important at higher frequency ranges. 

In the present study, we choose the glass SCHOTT 

AF32_eco for a comparative study of different metallization 

techniques. SCHOTT AF32_eco has a dielectric constant  εr 

= 5.1 as well as a dielectric loss at several frequencies of 

tanδ = 3.5×10-3 at 1 GHz, tanδ = 4.9×10-3 at 5 GHz, 

tanδ = 9.0×10-3 at 24 GHz and tanδ = 1.1×10-2 at 77 GHz. 

The thermal expansion of the glass is α = 3.2 ppm/K, and the 

temperature coefficient of the dielectric constant at room 

temperature is =1/ε dε/dT = 143 ppm/K. In Table 1, we 

show how it compares to other glasses and materials.  

In addition to signal transmission lines, resonating and 

radiating elements as well as integrated passives 

[5][4][11][12][13] can be integrated in a single advanced 

package based on glass [9]. Examples for resonating elements 

are filter elements or L-C network components whereas 

antenna elements are radiating structures [7]. Even antenna 

arrays for massive MIMO (multiple in multiple out) antenna 

arrays with beam steering capability can be realized on a glass 

substrate. Fields of application for such approaches are e.g. 

automotive radar at 77 GHz [8] and gesture recognition 

around 65 GHz.  

The higher the frequencies, the more crucial absorption 

processes, surface roughness and material interfaces become. 

The dielectric properties of the glass, especially the dielectric 

loss tangent, tanδcan be directly measured, e.g. with resonant 

spectroscopic methods. The surface roughness of as-drawn 

glasses from standard hot-forming processes is extremely 

small. A typical value for a glass like AF32_eco produced in 

a so called “down-draw” process has a root mean square (rms) 

value of the roughness of order 0.8 nm. Material interfaces are 

a more subtle topic and are investigated in the current work. 

When metallizing glasses adhesion promotors like Ti, Cr, 

Pd, … which are polyvalent ions and can exist in different 

oxidation states play a crucial role on the interfaces. Therefore, 
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the glass-metal interface is one of the largest and unquantified 

sources of loss in a given structure.  

Table 1: Dielectric properties (permittivity εr, dielectric loss tanδ and 

thermal expansion α) of different SCHOTT glasses in comparison 

with high end RF substrate materials. (*preliminary data, **source 

data sheet Rogers, *** source data sheet Panasonic, **** source data 

sheet Isola) 

Material εr tanδ α / ppm/K 

SCHOTT 

AF32_eco 
5.1 

4.9×10-3 

(@5GHz) 
3.2 

SCHOTT 

D263T_eco 
6.3 

10.1×10-3 

(@5GHz) 
7.2 

SCHOTT 

B270D_eco 
6.7 

7.7×10-3 

(@5GHz) 
9.4 

SCHOTT 

MEMPAX 
4.4 

7.3×10-3 

(@5GHz) 
3.3 

SCHOTT 

AS87_eco 
7.2 

17.2×10-3 

(@5GHz) 
8.7 

SCHOTT 

Borofloat33 
4.5 

7.3×10-3 

(@5GHz) 
3.3 

SCHOTT new 

development 
3.9 * 

1.7×10-3 * 

(@5GHz) 
3.3 * 

Rogers  

RO3003 
3.0 ** 

1.0×10-3  ** 

(@10GHz) 

17 (xy-dir.)** 

25 (z-dir.) ** 

Panasonic  

Megtron 7 
3.61 *** 

2.0 10-3 *** 

(@12GHz) 

15 (xy-dir.)*** 

42 (z-dir.)*** 

Isola  

Astra MT77 
3.0 **** 

1.7 10-3 **** 

(@10GHz) 

12(xy-dir.)**** 

50 (z-dir.)**** 

 

The glasses were metallized and structured at different 

commercial and academic partners. The metallization consists 

of copper with a very small layer of adhesive agents and has 

an overall thickness of at least 6  m. The differences of these 

theoretically identical structures are investigated in terms of 

the metallization quality, propagation and resonating 

properties. As a reference, all structures were also realized on 

well-established Rogers RO3003 substrates with a substrate 

thickness of 0.125 mm. 

As a result, the performance of the best metallized samples of 

SCHOTT glass AF32_eco comes close to the one of the 

Rogers RO3003 substrate both for the attenuation of the 

microstrip line (at 24 GHz: 78 dB/m for RO3003 and 83 dB/m 

for AF32_eco) as well as for the quality factor of the ring 

resonator (at 24GHz: Q = 73 for RO3003 and Q = 68 for 

AF32_eco). This is a surprising result, since the dielectric loss 

of the PTFE-based substrate in RO3003 (εr = 3.0 and 

tanδ = 0.0013 at 10 GHz) is almost five times lower than for 

the glass AF32_eco. This proves that this glass is well suited 

as substrate material for GHz applications but a carefully 

optimized metallization solution is essential. The reason for 

the excellent performance of the glass is probably due to the 

extremely smooth glass surface with rms values smaller than 

1 nm as well as the well-defined glass to metal interface. Since 

glasses can be produced with much smaller dielectric loss if 

large enough industry demand is present (see e.g. line 7 in 

Table 1) glass substrates are possible which clearly 

outperform the electric properties of the best available high 

end PCB materials like RO3003. 

II. DESIGN OF TEST STRUCTURES 

The structures were designed to allow (i) contacting of any 
of the given test structures with standard probe heads from the 
top side of the substrate. Further, the test structures were (ii) 
designed with a line impedance of 50 Ω to minimize reflection 
losses. Also (iii) transmitting structures, microstrip lines of 
different lengths were designed as well as resonating 
structures, ring resonators, which showed different weak 
coupling to the attached microstrip lines.  

Contact pads in coplanar waveguide topology were 

included to the design for RF characterization by means of on-

wafer probes. Radial stubs ensure a capacitive coupling of the 

coplanar waveguide’s ground planes to the one of the 

microstrip line at the back side of the substrate. A microstrip 

line was chosen since a large part of its electric field is 

confined in the dielectric substrate, the glass. All designs were 

conducted using CST Studio Suite. The designs were 

optimized for 24 GHz, 77 GHz and 100 GHz separately on 

0.1 mm thick glass in order to match the line impedance of 

50 Ω at the targeted frequency of operation. 

Also ring resonators were designed with a resonance close 

to 24 GHz, 77 GHz and 100 GHz. At 24 GHz, it is designed 

for the fundamental mode, while for 77 GHz and 100 GHz it 

is designed for the first and second harmonic, respectively. 

These ring resonators are weakly coupled to microstrip lines 

on both sides, separated by small gaps. While the radius of the 

ring influences the resonance frequency, the width of the gaps 

between the ring and the microstrip feeding lines are 

influencing the coupling into the resonator. The smaller the 

gap, the stronger is the coupling, but at the same time, the 

loaded quality factor of the resonator is decreasing. Besides 

that, the quality factor of the resonator contains information 

on the dielectric loss of the substrate and of the quality of the 

metallization. A qualitative comparison allows to evaluate and 

to distinguish between different metallization methods on the 

same glass substrate. 

III. EXPERIMENTAL SETUP 

Glass Substrate Design 
The metallized structures were designed as microstrip 

lines with different lengths. An example of such a microstrip 
line with coplanar coupling is shown in Figure 1. 

 

Figure 1: Design of a typical microstrip line with coplanar coupling. 

 

Figure 2: Design of a typical ring resonator with coplanar coupling. 



 

 

Critical points for this design are the widths of the two gaps in 
the coplanar waveguide contact pad design and the overall 
width of the microstrip line. For all structures the width of the 

copper (Cu) metallization was targeted at w = 163 m to 

achieve a line impedance of 50  on a 0.1 mm thick 
AF32_eco glass. For the 24 GHz microstrip lines, the gaps in 
the coplanar waveguide contact pads were targeted as 

g = 76 m. The lengths of the structures were chosen to be 
l = 37 mm, 32 mm and 27 mm, respectively. For the 24 GHz 
ring resonators, the outer diameter of the ring was targeted to 
be 2.163 mm and the inner diameter 1.837 mm. The gap 
between the ring and the microstrip line was designed to be 

rs = 12 m and rs = 48 m. For the 77 GHz and 100 GHz 
structures, the lengths of the microstrip lines was chosen to be 
17.1 mm, 12.1 mm and 7.1 mm, respectively. The gap in the 
coplanar coupling was chosen for both types of structures as 

20.3 m. Also for the ring resonators, the width of the slits 
between the ring and the microstrip line was targeted for both 

types of structures as 10 m and 40 m. The only difference 
between the two structures for 77 GHz and 100 GHz is the 
diameter of the ring resonators. For the 77 GHz structures it 
was chosen to be 1.373 mm for the outer diameter and 
1.0519 mm for the inner diameter to obtain a resonance in the 
ground mode at 77 GHz. For the 100 GHz structures the 
diameter of the rings was 1.563 mm outer diameter and 
1.241 mm inner diameter to resonate at a second harmonic at 
100 GHz. 
 
Measurement procedure 
The glass substrate and the substrate of the reference material 
RO3003 were contacted on a wafer prober from Cascade 
Microtec with a climate chamber to ensure identical 
environment for all measurements with respect to temperature 
and humidity. The contacting for the 24 GHz structures was 

done using a pair of probe heads with 250 m pitch (ACP40), 
see Figure 3. A short-open-load-thru calibration was 
performed prior to the measurements and the S-parameters 
were measured using a Keysight PNA-X vector network 
analyzer (VNA) for the frequencies below 65 GHz and a 
Keysight PNA combined with two Anritsu 3740A-EW 
transmission-reflection modules for the frequency range from 
65 GHz to 110 GHz. As an example we show the S-parameter 
S11 and S12 for three 24 GHz microstrip lines with overall 
lengths of 27 mm, 32 mm and 37 mm in Figure 4 and Figure 
5. In Figure 4 it can be seen that all three lines are well 

matched to 50 , since the S11 parameter circles very close 
around the center of the Smith chart, the point (1,0). In Figure 
5, the three measurements should be parallel lines for ideal 
measurements where no reflection occurs from impedance 
mismatch at the contacts. The small reflection is seen in the 
slight oscillations of the S21 measurement. From the difference 
in the transmission S-parameter S12 one can derive the 
attenuation of the microstrip line in the following way. First 
the operating power loss  

𝑇eff =
|S21|2

1−|S11|2           (1) 

 
 

 

Figure 3: Contacting of the substrate using 250 µm pitch probe 

heads. 

 

Figure 4: S11 parameter plotted in the complex plane (Smith chart) 

for the three microstrip lines SL1-3 on substrate SM2. 

 

Figure 5: S21 parameter plotted as a function of frequency for the 

three microstrip lines SL1-3 on substrate SM2. 



 

 

 

Table 2: Derived attenuation per unit length a of the 24 GHz 

microstrip lines for the different glass substrates and for the Rogers 

RO3003 substrate (R1).  

Substrate  measured 

g / m 

targeted 

g / m 

a / dB/m 

R1 79 76 78 

AF32_1 78 76 83 

AF32_2 75 76 238 

AF32_3 86 76 143 

AF32_4 76 76 116 

AF32_8 73 76 118 

AF32_9 70 76 106 

AF32_10 70 76 109 

 
is calculated from the S-parameters. It corrects the 
transmission by the reflection terms. In an ideal world it 
should give three straight lines, which are equidistant, as a 
function of frequency for the three different lengths of the 
microstrip lines. The data are fitted to a linear relationship, and 
the difference gives the loss of the microstrip line. In Table 2, 
we summarize the derived attenuation per unit length a for 
seven different glass substrates which use five different 
methods for metallization and structuring and compare it to 

corresponding structures on a 125 m thick copper laminated 
RO3003 (R1). The attenuation which we obtain is roughly a 
factor of three larger than the attenuation reported by Rogers 
[2]. In [2], a value of 0.7 dB/inch = 27 dB/m is reported for 
laminate without any climate stress, whereas we measure a 
loss of 78 dB/m. This discrepancy might be a hint for 
non-perfect structures but it contradicts to our excellent match 
of the 50 Ω impedance. The attenuation of the structured 
glasses ranges between 83 dB/m and 238 dB/m which means 
that the details of the metallization and structuring processes 
differ a lot in high frequency performance. This also means 
that optimization of the metallization is crucial for high 
frequency performance. The solution of AF32_1 is an 
excellent compromise since in this case the glass is coated on 

both sides with a thin (15 m) polymer layer of  low-loss dry 
film dielectrics (Ajinomoto ABF GY11 with ε = 3.2, 
tanδ = 0.0042 at 5.8 GHz). Besides low dielectric loss it also 
shows good metal adhesion. From the structures where the 
metal was directly coated on the glass the substrates AF32_4 
and AF32_8-10 show the best results. AF32_8-10 are 
metallized using the same process and demonstrate the 
reproducibility of the results.  

As a next step the S-parameters for the 24 GHz ring 
resonators are measured. In this case a direct quantitative 
measure of the substrate quality is more difficult since the 
loaded Q-factor of the ring resonator depends on the dielectric 
losses, the metallization losses and the attenuation due to the 
vicinity of the microstrip line. A basic understanding of the 
last point is obtained by structuring always a pair of ring 
resonators with two different gaps (see Figure 2). Typically 

rs = 12 m and rs = 48 m, were targeted for structuring. In 
Figure 6 and Figure 7 we show representative S-parameters 

for the 24 GHz ring resonator structures. The Eigenresonance 
at 24.5 GHz can be clearly  

 
  

Figure 6: S-parameter S11 of the ring resonators RR4 and RR5 on 

substrate SM2=AF32_9 and SM3=AF32_10 with a slit width 

rs = 11 µm and rs = 44 µm, respectively. 

 

 

Figure 7: S-parameter S21 of the two ring resonators RR4 and RR5. 

It can be clearly seen that the smaller slit with rs = 11 m allows to 

couple more energy into the ring resonator whereas the wider slit 

with rs = 44 m allows to couple less energy into the resonator but 

improves the overall loaded quality factor Q of the resonator. 

observed. The damping of the resonator and the energy which 
is coupled into the resonator differs strongly, depending on 
the width of the slit rs. The loaded quality factor Q of each 
ring resonator is obtained by fitting the S21 parameter to a 
Lorentzian line shape 
 



 

 

       S21(𝜔)  =  
𝑎 

((𝜔−𝜔0+
𝜔0

8𝑄2)2+(
𝜔0
2𝑄

)2)
                    (2) 

 

Table 3: Slit width rs and obtained loaded Q-factor of the 24 GHz 

ring resonators are shown. The Q-factors are only slightly larger than 

the ones of the RO3003 substrate (R1). 

Substrate – No. of Ring  

                   Resonator 

measured  

rs / µm 

targeted  

rs / µm 

Q  

R1 – RR 4 56 19 73 

R1 – RR 5 58 6 73 

AF32_1 – RR 4 50 19 58 

AF32_1 – RR 5 50 19 59 

AF32_1 – RR 5a 5 6 44 

AF32_2 – RR 5 46 48 61 

AF32_3 – RR 5 95 48 68 

AF32_4 – RR 4 35 12 65 

AF32_5 – RR 5 69 48 68 

AF32_8 – RR4 11 12 56 

AF32_8 – RR5 48 48 65 

AF32_9 – RR4 11 12 56 

AF32_9 – RR5 44 48 66 

AF32_10 – RR4 10 12 56 

AF32_10 – RR5 44 48 66 

 

with an Eigenresonance 0 and a quality factor Q. The results 
for the obtained ring resonators are shown in Table 3. As an 
overall result of the 24 GHz structure we conclude that it is 
possible to make 24 GHz resonating and transmitting 
structures with good quality on glass. However the 
metallization process has to be chosen carefully. 

 

IV. MEASUREMENT AT 77 GHZ AND 100 GHZ 

A similar procedure was performed for the frequency 
dependent measurement in the frequency range between 
65 GHz to 110 GHz. In this case the structures were smaller 
and the contacting was done using a pair of infinity w-band 

probe heads with 100 m GSG pitch. Due to the larger 
frequencies a hollow waveguide was needed to connect the 
probe heads. To determine the loss of a microstrip line, lines 
were manufactured with lengths of 7.1 mm, 12.1 mm and 
17.1 mm. As an example we show the S-parameter S11 and S21 
of six lines in the frequency range between 70 GHz to 
105 GHz in Figure 8 and Figure 9. In the frequency range 
between 75 GHz to 100 GHz, a straight line was fitted into the 
Teff value (see Eq. (1)). From that, the loss of the microstrip 
lines in units of dB/m was determined. Unfortunately, 
structures on the Rogers substrate were not measurable but for 
some glass structures reliable and reproducible values for the 
dielectric loss of the microstrip line were obtained. The results 
for 77 GHz and 100 GHz are listed in Table 4. A loss of 
several hundred dB/m can clearly not be neglected but allows 
to integrate small structures in the frequency range up to 
110 GHz on such a glass substrate.  

Also ring resonators were processed on the substrates. For 
77 GHz a ring resonator with an inner diameter of 1.05 mm 
and an outer diameter of 1.37 mm was structured.  

 

 
Figure 8: S11 parameter plotted in the complex plane (Smith chart) for the 

six microstrip lines S1-3 and S5-7 on substrate AF32_10. 

 
Figure 9: S21 parameter plotted as a function of frequency for the six 

microstrip lines S1-3 and S5-7 on substrate AF32_10. 

The first harmonic of such a ring resonates at 77 GHz 
according to field simulation investigations using CST studio. 

 
The results of the 77 GHz ring resonators are summarized 

in Table 5. Depending on the details of the metallization and 
structuring process and depending on the width of the gap on 
the ring (see Figure 2) loaded Q-values of up to Q = 54 were 
obtained. The substrates AF32_5-7 and AF328-10 are each 
metallized with identical processes and demonstrate the 
reproducibility of the results. 

The 100 GHz resonating structures were designed in a 
little different way. The rings were made with an inner 
diameter of 1.4 mm and an outer diameter of 1.56 mm. In this 
way they show a resonance in the first harmonic around 
69 GHz and for the second harmonic around 100 GHz. The 
results are shown in Table 6. 

 



 

 

 
Figure 10: S11 parameter plotted in the complex plane (Smith chart) in the 

range between 65 GHz and 110 GHz for the four ring resonators RR4,5,8 

and 9 on substrate AF32_10. 

 

Figure 11: S12 parameter plotted as a function of frequency for the four ring 

resonators RR4,5,8 and 9 on substrate SM3. The 77 GHz resonance with 
the two different couplings to the ring resonator can be clearly observed as 

well as the two resonances around 69 GHz and around 100 GHz of the 

100 GHz structures. 

 

 

 

 

 

Table 4: Attenuation a of the microstrip lines of identical glass 

substrates with different metallization procedures. The realized and 

targeted slit width g of the GSG coplanar contact pads are given.  

Substrate  measured 

g / µm 

targeted 

g / µm 

77 GHz 

a / dB/m 

100 GHz 

a / dB/m 

AF32_1 17 20 309 420 

AF32_1 17 20 318 477 

AF32_2 12 20 391 549 

AF32_5 33 20 359 519 

AF32_5 33 20 354 500 

AF32_6 53 20 386 504 

AF32_6 53 20 335 483 

AF32_7 39 20 353 511 

AF32_8 24 20 359 502 

AF32_9 22 20 356 512 

AF32_10 24 20 360 513 

 

Table 5: Properties of the ring resonators around 77 GHz 

Substrate – No. of Ring  

                   Resonator 

measured 

rs / µm 

targeted 

rs / µm 

Q 

AF32_1 – RR 9 4 19 26 

AF32_2 – RR 10 49 40 53 

AF32_5 – RR 10 64 40 43 

AF32_5 – RR 4 49 10 48 

AF32_5 – RR 5 67 40 54 

AF32_5 – RR 9 47 10 47 

AF32_6 – RR 10 78 40 35 

AF32_6 – RR 4 63 10 49 

AF32_6 – RR 5 84 40 50 

AF32_6 – RR 9 61 10 52 

AF32_7 – RR8 43 40 43 

AF32_7 – RR9 39 10 53 

AF32_7 – RR4 51 10 48 

AF32_7 – RR5 68 40 51 

AF32_8 – RR8 40 40 41 

AF32_8 – RR9 13 10 29 

AF32_9 – RR8 43 40 42 

AF32_9 – RR9 15 10 28 

AF32_10 – RR8 43 40 43 

AF32_10 – RR9 13 10 30 

 

 



 

 

 

Table 6: Properties of the ring resonators around 100 GHz 

Substrate – No. of Ring  

                   Resonator 

measured 

rs / m 

targeted 

rs / m 

Q 

AF32_1 – RR 9 4 19 24 

AF32_2 – RR 10 49 40 52 

AF32_5 – RR 10 64 40 57 

AF32_5 – RR 9 47 10 53 

AF32_6 – RR 10 78 40 53 

AF32_6 – RR 9 61 10 56 

AF32_7 – RR 9 39 10 53 

AF32_7 – RR 10 65 40 56 

AF32_8 – R4 36 40 49 

AF32_8 – R5 7 10 32 

AF32_9 – R4 45 40 50 

AF32_9 – R5 19 10 34 

AF32_10 – R4 44 40 49 

AF32_10 – R5 14 10 34 

Table 1.  Properties of the ring resonators around 100 GHz. 
 

V. CONCLUSION 

In summary we have shown that efficient structures with 
reasonable small dielectric loss at frequencies between 

24 GHz and 100 GHz can be built using 100 m thin 
SCHOTT glass AF32_eco as a substrate material. Also 
resonating structures which show resonances at 24 GHz, at 
77 GHz and at 100 GHz in combination with reasonable Q-
factors were demonstrated. A careful optimization and a 
careful choice of the metallization process and of the 
structuring method are needed.  Larger data rates also contain 
higher frequency components and become important for e.g. 
interposers and high power computing. Using glass as a 
substrate, can make use of the results presented in the current 
work.  
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